A herringbone "easy axis" pattern is scribed into a polyimide alignment layer for liquid crystal orientation using the stylus of an atomic force microscope. Owing to the liquid crystal's bend elasticity  33 , the nematic director is unable to follow the sharp turn in the scribed easy axis, but instead relaxes over an extrapolation length
A polymer alignment layer may patterned with a spatially-varying "easy axis" that promotes liquid crystal orientation along the local pattern direction [1] [2] [3] . Owing to the liquid crystal's inherent elasticity, however, the nematic director b  may be unable to follow the pattern if the pattern varies too rapidly in space, resulting in a rounding of b  (relative to the pattern) with position. The characteristic length scale for director relaxation is called the "extrapolation length" , which is equal to the ratio of an appropriate nematic elastic constant divided by an appropriate quadratic anchoring strength coefficient [4] .  can vary from tens of nanometers to well over a micrometer, depending on the strength of the interaction between the liquid crystal and the aligning surface and on the temperature -the bend elastic constant  33 and the twist elastic constant  22 exhibit a divergence on approaching the nematic -smectic- transition temperature   from above [4] . Most commonly  is a few hundred nanometers and, owing to the uniformation of the director profile on moving a distance ∼  from the surface into the bulk liquid crystal, a direct visualization of the extrapolation length has been elusive [5] and measurements of its magnitude have been, by necessity, indirect [6] [7] [8] . Recently, however, our group demonstrated a sensitive optical technique called "optical nanotomography" (ONT) in which a tapered optical fiber with an aperture diameter ∼ 60 nm is immersed into a liquid crystal and rastered at different heights, as high as  = 500 nm above the alignment layer [9] . The polarized light emerging from the fiber aperture is phase retarded through the liquid crystal, and after passing through an analyzer, is collected downstream. The resulting images facilitate a three dimensional reconstruction of the director profile with resolution better than 120 × 120 × 10 nm along the  coordinates, where the actual resolution depends on the particulars of the experimental configuration. We showed how this approach may be used to visualize  and obtained a rough estimate of  at one particular temperature [9] . In this paper we report on experimental refinements and apply ONT not only to visualize the extrapolation length  but also to measure directly the growth of  vs. temperature on cooling toward   .
A glass substrate was spin-coated with the polyamic acid RN-1175 (Nissan Chemical Industries, Ltd.) and baked according to the manufacturer's specifications at 250
• C for 60 min to promote planar alignment. The resulting polyimide was scribed over an area 100 × 100 m with a herringbone pattern using the stylus (Nanodevices TAP-300 Si) of a Topometrix Explorer atomic force microscope. The spacing  between scribed lines was  ∼ 200 nm, the period of the herringbone was 50 m, and the angle  at the apices was The entire instrument, which was encased in a box, was stabilized at temperature  =
357
• C by means of a resistive heater placed around the box's inner perimeter. When the heating current was turned off the temperature began to decrease, reaching a steady-state cooling rate of approximately −0029
• C min −1 . At this point the fiber scan was started, with the fiber being rastered through the liquid crystal at a rate of 222 m s −1 . A total of 300 lines were scanned to probe a 20 × 20 m area, where the scanning line spacing was 667 nm. Because the sample, as monitored by a thermistor cemented close to the scribed region, was cooling during the scan, each successive scan line corresponded to a slightly lower temperature than the previous scan line. Thus the full range of temperature was recorded during the scan. We remark that the temperature was monitored continuously during the scan, so even though the cooling rate decreased slightly during the course of the experiment (as the ambient room temperature was approached), each of the 300 scan lines could be associated with a particular temperature. Light passing through the analyzer was collected downstream by a photomultiplier tube, whose output was input to a lock-in amplifier that was referenced to the light chopper. A 30 ms filter was used for the lock-in amplifier to reduce noise, and the lock-in amplifier's output was fed into the NSOM's electronics, producing an image of optical intensity vs. position -and thus vs. temperature. Figure 2 shows an image obtained from the experiment.
Before proceeding, three points need to be addressed. First, based on several previous experiments [9-13] both we and others have concluded that the perturbing effects of the optical fiber in the nematic phase sufficiently far above the smectic- transition -both its anchoring properties and the effects of its motion through the liquid crystal -are very small and can be neglected in this experiment . Second, as previously demonstrated [9] , our experimental configuration facilitates imaging out to at least 500 nm above the substrate, where we estimate that the resolution (illumination diameter) in the -plane is a circle of diameter ∼ 80 nm when the fiber aperture is within 60 nm of the surface [14] . Third, the particular geometry shown in Fig. 1 was chosen because the intensity  at the detector is
∆ is the optical retardation from the fiber aperture to the substrate, ∆ is the liquid crystal birefringence, and  is the angle between the liquid crystal director b  and the orientation of the incoming polarized light [11] . Even if the height of the fiber aperture were to vary slowly over the course of the entire experiment, for any given scan line or set of adjacent scan lines  would not vary significantly.
Additionally, since 75 .  . 375
• (Fig. 1) , the intensity varies approximately linearly with  over this range. Thus, for a given scan line, and therefore for a given temperature, the intensity variation is approximately proportional to the angular change in the director's orientation with position.
Owing to the noise associated with the very weak optical signal, three consecutive scan lines in Fig. 2 were averaged for each temperature point, and the results are shown in Fig. 3 .
Because of this averaging, and the filter used with the lock-in amplifier, a temperature width ∆ ≈ ±15 mK must be associated with each trace in Fig. 3 . Each trace was analyzed in order to determine the 80% and 20% points between their minimum and maximum intensities. Since the extrapolation length  is the distance along the -axis over which the director orientation relaxes to its equilibrium orientation by a factor 1 (see Fig. 1 ), the spatial separation  of these 80% and 20% points in principle corresponds to an upper limit of, but nevertheless is close to, 2. For our experimental geometry  =  33   2 [4] , where   2 is the azimuthal quadratic anchoring strength coefficient and is defined such that the surface free energy   can be expanded in powers of ∆ 2 , viz.,
Here ∆ is the azimuthal director deviation from the local easy axis. There are two reasons why  is an upper limit of 2: i) the "instrument width" associated with the ∼ 80 nm resolution and ii) the uniformation of the director orientation that occurs on moving away from the substrate into the bulk [5] . Effect i is not large because only the central region (∼ 40 nm) of the illumination diameter makes the largest contribution to the optical signal.
Effect ii also is relatively small because the fiber remains near ( 70 nm) to the substrate where the director orientation has not significantly uniformized along the -axis, and the measured intensity represents an average of b  from the aperture to the surface. Thus, we estimate that effect ii will cause an additional spread of the intensity profile by ∼ 30 nm at the two extremes along the -axis. By contrast, in Ref. [5] we examined the extrapolation length  using an optical microscope to image a cell of thickness of 15 m, and found that the uniformation of the director along the -axis produced a very poor visulaization of the director orientation at the surface; the results presented herein are far superior. Figure 4 shows 2 (corresponding to an upper limit of ) as solid circles vs. temperature.
At temperatures a few degrees above   we find a width  ∼ 200 nm, similar to our single data point for hard scribing reported in Ref. [9] . Moreover, in that work the fiber was held somewhat further above the surfaces, and thus provided a less accurate representation of the director relaxation along the surface than that presented herein. On cooling toward   , where   was determined experimentally by a sharp qualitative change in the intensity scans, there is a clear increase of intensity. Based upon the visual evidence from our intensity scans, we estimate that   = 3304±004
• C. The lowest temperature data point shown in Fig. 4 is at  = 3318
• C. Although data were collected below this temperature, we found that the intensity scans became increasingly unstable in the range 3304    3318
• C, which we believe is due to the growing smectic- correlation lengths  || and  ⊥ with decreasing temperature [16] .  || in particular is comparable to the height of the aperture above the substrate, which will have deleterious effects on the feedback mechanism and control of the fiber. Thus, we do not show data in this temperature range, as we believe they are unreliable.
The critical behavior at the nematic -smecitc- transition has been studied for many decades [17] . In a landmark work, Davidov, et al used high resolution x-ray and light scattering to measure the correlation lengths in 8CB [16] . With  33 =  || +  . To be sure, our data are very noisy, much more so than the x-ray and light scattering data in Ref. [16] , and thus there are very large error bars that must be attached to our fitted parameters.
Nevertheless, both our measured value of  || and the ratio  are consistent -note that this is a much weaker statement than "in agreement" -with those of Ref. [16] . Thus, since  =  33   2 , our data suggest that  ∝  33 and the anchoring strength coefficient   2 exhibits little or no critical behavior on approaching   . This is not surprising, given the planar alignment of the director and the bookshelf arrangement of the smectic layer fluctuations.
To summarize, we have refined and applied the technique of optical nanotomography to obtain a high resolution imaging of the nematic director's spatial relaxation as it undergoes forced curvature at a substrate. The images give a direct measurement of the quantity 2, which corresponds to the extrapolation length  aside from a constant offset due to the instrument linewidth and director uniformation on moving further from the surface. We find that the diverging part of 2 scales with temperature near   as  33 , indicating that the azimuthal quadratic anchoring strength coefficient   2 exhibits at most a weak dependence on temperature near the smectic- phase transition. 
